Abstract-Effects of verapamil, diltiazem and nicardipine on tritium overflow and contraction evoked by 40 mM KCI were evaluated using canine saphenous vein strips preloaded with f3H]norepinephrine. Phentolamine, 10-6 M, almost completely inhibited the contraction induced by KCI, while it significantly enhanced the evoked tritium overflow.
Abstract-Effects of verapamil, diltiazem and nicardipine on tritium overflow and contraction evoked by 40 mM KCI were evaluated using canine saphenous vein strips preloaded with f3H]norepinephrine. Phentolamine, 10-6 M, almost completely inhibited the contraction induced by KCI, while it significantly enhanced the evoked tritium overflow.
These responses to KCI were dependent on external Cat'. All Ca antagonists tested significantly increased the spontaneous tritium overflow in a concentration-dependent manner without any changes in basal tension. Verapamil at 10-6 M significantly inhibited the contraction with no significant effect on the evoked overflow; and at concentrations above 10-5 M, it inhibited the contraction much more strongly than the evoked tritium overflow.
Diltiazem and nicardipine at concentrations above 3X10-6 M significantly inhibited both tritium overflow and contraction evoked by KCI. A significant correlation between inhibitions of both responses to KCI by the three Ca antagonists was observed, although the y intercept and slope of the regression line for verapamil obtained by plotting the inhibition of the KCI-evoked contraction as a function of the inhibition of the evoked tritium overflow were greater than those for the other two antagonists. The inhibitory effects of verapamil and diltiazem on the tritium overflow and contraction evoked by KCI were not related to their local anesthetic activities.
Neither the increase in the spontaneous tritium overflow nor inhibitions of the evoked tritium overflow and contraction by nicardipine were related to its phosphodiesterase inhibiting activity. These results suggest that diltiazem and nicardipine may inhibit the KCI-evoked contraction mainly by inhibiting Cat+-dependent transmitter release from the nerve endings, while verapamil may inhibit it by acting on the postsynaptic sites and at the relatively higher concentrations used, by further inhibition of transmitter release.
It is well established that high KCI causes contraction by increasing membrane perme ability to Ca2+ as a result of depolarization of the postsynaptic smooth musle cell membrane (1, 2) . In addition, in the tissues with rich adrenergic innervation, high KCI elicits con traction through norepinephrine released from the adrenergic nerve endings by depolari zation of the nerve membrane (3-5). This high KCI-induced norepinephrine release is dependent on external Ca2+ (3, 4). Thus, high KCI, as well as electrical nerve stimulation, has been extensively employed for the studies on the effects of various agents on neuro transmitter release from both central pre synaptic nerve endings (4, 6, 7) and peripheral adrenergic nerve endings (3, 5, 8 we investigated the effects of verapamil, diltiazem and nicardipine on both tritium overflow and contraction produced by 40 mM KCI.
Part of these data have been reported at the 56th General Meeting of the Japanese Pharmacological Society (Osaka, Japan).
Materials and Methods Mongrel dogs of either sex weighing 10 28 kg were anesthetized with sodium pen tobarbital, 32 mg/kg, i.v. The procedures utilized for obtaining, incubating and super fusing helical strips of the saphenous veins have been previously described in detail (13). Briefly, the strips (3x30 mm) were incubated for 2 hr with Krebs-bicarbonate solution (NaCl, 118.2; KCI, 4.6; MgSO4, 1.2; CaC12, 2.5; KH2PO4, 1.2; NaHCO3, 24.8 and glucose, 10.0 mM) containing 9X10-8 M 1-[7,8-3H] norepinephrine (specific activity of 24.2 Ci/ mmol) and 5.7x10-5 M ascorbic acid, and mounted for superfusion.
The strips were then superfused at a constant rate of 3.6 ml/ min with Krebs-bicarbonate solution which was maintained at 37'C and bubbled with a gas mixture of 95% 02 and 5% CO2. After equilibration, the venous strips were super fused with the Krebs-bicarbonate solution containing 40 mM KCI for 6 min and then with normal Krebs solution for 16 min. The 6-min application of 40 mM KCI was repeated 8 times and designated as S, to S8. The Krebs bicarbonate solution containing 40 mM KCI was prepared by substituting NaCI with equimolar KCI. The tension developed was isometrically recorded on an ink-writing oscillograph (Nihon Kohden, WI-640G) through a force-displacement transducer (Nihon Kohden, TB-611T). The superfusate samples were continuously collected every 2 min from 4 min prior to the onset of S2 throughout the experiment. Ten milliliters of scintillation cocktail (5.5 g DPO, 0.1 g POPOP, 667 ml toluene and 333 ml Triton X-100) were added to 1 ml samples to determine total radioactivity in a liquid scintillation counter (Beckman, LS 9000 or Aloka, LSC-903). Drugs tested were added to the superfusion medium for 66 min from 10 min before the onset of S4 to 10 min before the onset of S7. The radioactivity obtained in the 2-min sample immediately before the application of 40 mM KCI was subtracted from the radioactivity obtained in three 2-min samples during KCI application and in one sample taken subsequent to KCI application, and the sum of the differences was taken as the KCI-evoked tritium overflow. The radioactivity obtained from the 2-min sample immediately before each KCI ap plication of S3 to S8 was considered as the spontaneous overflow of tritium and desig nated as Spa to SP8, respectively. The effects of Ca antagonists on the spontaneous and KCI-evoked tritium overflows and con traction were evaluated according to our previous report (13).
In some experiments in which the effects of removal of Ca2+ from the medium on the KCI-evoked tritium overflow and contraction were studied, the veins were stimulated by 40 mM KCI 3 times for 6 min each under normal Krebs solution, and they were then superfused with Ca2+ deprivation solution containing 2 mM EGTA for 22 min, followed by the resuperfusion with normal Krebs solution for another 22 min. The 4th and 5th stimulations by KCI were applied for 6 min each from 10 min after the onset of the superfusion evoked by 40 mM KCI always reached their maximum 4 to 6 min after the onset of the superfusion with 40 mM KCI. When the veins were repeatedly superfused with 40 mM KCI 8 times at the intervals of 22 min, the KCI-evoked tritium overflow and contraction gradually declined (Table 1 ). There was no significant difference between the decline of the evoked tritium overflow and that of the corresponding con traction at any stimulation periods of KCI. Since total tritium overflow evoked by KCI correlates with the release of intact [3H] norepinephrine in the canine saphenous vein (5), we regarded the total evoked tritium overflow as an index of neurotransmitter release.
Effects of phentolamine on the KCI-evoked tritium overflow and contraction: It has been reported that the high KCI-induced con traction of the canine saphenous vein is caused not only by release of endogenous norepinephrine but also by its direct activating effect on the smooth muscle cells (5, 14). Therefore, to evaluate to what extent the contractile response to 40 mM KCI is caused through norepinephrine released from the adrenergic nerve endings, the veins were stimulated by 40 mM KCI 3 times in the presence of an a-adrenoceptor blocking agent, phentolamine.
The effects of phen tolamine on the tritium overflow and con traction evoked by KCI are shown in Table 2 . Phentolamine at 10-6 M markedly inhibited, superfusion period -dependently, the con traction induced by three repetitive stimu lations. In particular, the contraction by the 3rd stimulation (S6) in the presence of 10-6 M phentolamine was almost completely in hibited, indicating that the contraction produced by S6 was exclusively due to norepinephrine released from the adrenergic nerve endings. On the other hand, 10-6 M phentolamine significantly increased the KCI evoked tritium overflow through a possible blocking effect on the presynaptic a2 adrenoceptors (P<0.001).
The effects of phentolamine on both responses to KCI were partially reversed during resuperfusion with phentolamine-free medium ( Table 2) .
Effects of Ca2+ deprivation on the spon taneous and KCI-evoked tritium overflows and contraction: The superfusion with Ca 21 deprivation solution containing 2 mM EGTA caused a marked elevation in the spontaneous tritium overflow followed by a gradual decline without effect on basal tension. This effect reached its maximum 2 min after the onset of the superfusion with this medium; its maxi mum spontaneous tritium overflow was 2.20+0.20 (n=4) times greater than the spontaneous overflow just before the super fusion with this medium. The spontaneous tritium overflow just before S4, that is Sp4/ Spa, was 1.29+0.08 (n=4); this value was significantly greater than the corresponding control value in Table 3 (P<0.001).
The effects of Ca2+ deprivation on the KCI evoked tritium overflow and contraction are shown in Fig. 1 . These responses to 40 mM KCI were abolished under the superfusion with Ca2+ deprivation solution containing 2 mM EGTA. Thereafter, by resuperfusing with normal Krebs solution, both responses to KCI were restored.
Effects of Ca antagonists on the spon taneous tritium overflow: In the control strips, the spontaneous tritium overflow from the veins slowly declined throughout the experimental period as judged by the Sp4/ Spa to Sp8/Sp3 (Table 3) . Verapamil, 10-6 3x10-5 M, when added to the superfusion medium 10 min before the 4th stimulation by KCI, caused a significant increase in the spontaneous tritium overflow from the veins in a concentration-dependent manner without any effects on basal tension. This effect usually reached a plateau 40 to 50 min after the application of the drug, when a concen tration of 10-5 M or more was used (Fig. 2) All three Ca antagonists at concen trations higher than 10-5 M, as mentioned above, caused a continuous increase in the spontaneous tritium overflow until 40-50 min after their applications, which interfered with an accurate determination of the effects of these drugs on the tritium overflow evoked by the first two stimulations (S4 and S5) in the presence of drugs. In addition, the con traction induced by the 3rd stimulation (S6) in the presence of phentolamine was prac tically caused by norepinephrine released from the adrenergic nerve endings. For these two reasons, the effects of Ca antagonists on the tritium overflow and contraction evoked by 40 mM KCI were quantified by using the responses to the 3rd stimulation (S6) in the presence of drugs. Verapamil at 10-6 M had no significant effect on the KCI-evoked tritium overflow, but at concentrations higher than 3x10-6 M, this drug caused a sig nificant decrease in the evoked tritium over flow in a concentration-dependent manner (S6/S3=0.45±0.07 (n=5), P<0.001 when compared with the corresponding ratio of the control in Table 1 ). On the other hand, the contractions induced by KCI were sig nificantly inhibited by all concentrations of verapamil used in a concentration-dependent manner. Particularly, the contraction was almost completely inhibited by 3X10-5 M verapamil. Verapamil, 10-5 and 3x10-5 M, inhibited the KCI-evoked contraction more markedly than the evoked tritium overflow. Moreover, the inhibitions of the contraction by 10-5 and 3x10-5 M verapamil were significantly greater than those by the same concentrations of diltiazem and nicardipine (P<0.01 or P<0.001).
A typical tracing of the effects of 3x10-5 M verapami l is shown in Fig. 2 .
Diltiazem and nicardipine at 10-6 M had no effects on both tritium overflow and con traction evoked by KCI. Diltiazem at con centrations higher than 3x10-6 M sig nificantly inhibited the evoked tritium overflow and contraction in a concentration dependent manner; the ratios S6/S3 for 3x10-5 M were 0.51±0.07 in overflow and 0.62±0.05 in contraction.
There was nc significant difference between both inhibitory effects of each concentration of diltiazem. Percent inhibition=(C-T)/Cx100, where C is the mean value of the ratio S6/S3 for control experiments without drugs and T is an individual value of the ratio S6/S3 in the presence of Ca antagonists.
To further investigate the relation between the inhibition of the contraction and that of the corresponding evoked tritium overflow by the three Ca antagonists, the former was plotted against the latter using the data in Fig. 3 , and the regression line was calculated by the method of least squares.
As shown in Fig. 4, a The inhibition by 3 x 10-5 M nicardipine was hardly reversed; the ratio S8/ S3 for nicardipine was 0.48±0.10.
On the other hand, the inhibitory effects of 3 x 10-6 M or higher concentrations of verapamil and diltiazem on the contraction evoked by KCI were only partially restored by resuperfusion with normal medium; the ratios S8/S3 obtained from the strips with previous super fusion with 3 x 10-5 M verapamil and diltiazem were 0.14±0.12 and 0.67±0.05, respectively. The inhibitions of contraction by nicardipine at 3 X 10-6-3 X 10_5 M were not at all reversed after resuperfusion with normal medium, the ratio S8/S3 for 3 X 10-5 M being 0.39±0.08. Effects of local anesthetics on the spon taneous and 40 mM KCI-evoked tritium overflows and 40 mM KCI-evoked con traction: Since tetracaine, a local anesthetic, has been reported to block antidromic discharges caused by KCI in isolated feline perfused heart (15) and since higher concen trations of verapamil and diltiazem have been shown to have a local anesthetic effect (16, 17), we investigated by using local anes thetics, lidocaine and tetracaine whether or not the inhibitory effects of higher concen trations of verapamil and diltiazem on the responses to KCI are related to their local anesthetic activity. Lidocaine was used in a concentration which was presumed to be as potent as 3x10-5 M verapamil in local anesthetic activity on isolated rat phrenic nerve (16). The concentration of tetracaine used was higher than that which caused an almost complete inhibition of impulse pro pagation in isolated frog sciatic nerve (18). As shown in Table 4 , 1.5x 10-4 M lidocaine had no significant effects on the tritium overflow and contraction evoked by KCI, whereas 3x10-5 M tetracaine significantly increased them. These results suggest that the local anesthetic activities of the two Ca antagonists are not responsible for their inhibitions of both responses to KCI. Lidocaine and tetracaine caused a significant increase and decrease in the spontaneous tritium overflow, respectively (Table 4) .
Effects of IBMX on the spontaneous and 40 mM KCI-evoked tritium overflows and 40 mM KCI-evoked contraction: Since nicardipine has been shown to inhibit cyclic AMP phosphodiesterase activity from canine coronary artery and beef heart (19) and since administrations of a phosphodiesterase inhibitor and dibutyryl cyclic AMP have been reported to increase the spontaneous release of norepinephrine from peripheral adre nergically innervated tissues (20, 21), we also studied by using another phosphodies terase inhibitor, IBMX, whether the increase in the spontaneous tritium overflow by nicardipine is related to its inhibitory effect on phosphodiesterase. IBMX was used in a concentration which was assumed to be as effective as 3X10-5 M nicardipine in inhibiting phosphodiesterase activity from canine coronary artery (19). As shown in Table 5 , 2x10-4 M I BMX had no effect on the spontaneous tritium overflow. The simul taneous application of IBMX did not prevent the increase in the spontaneous tritium overflow induced by 3X10-5 M nicardipine (Table 5) .
On the other hand, IBMX significantly enhanced the evoked tritium overflow. This inhibitor depressed the KCI-evoked con traction more markedly than did 3x10-5 M nicardipine, and it caused a further inhibition of the contraction in the presence of nicardipine (Table 5) .
Discussion
In the blood vessels with rich adrenergic innervation, such as canine saphenous vein, the norepinephrine-releasing action of high KCI combines with its direct activating effect on the smooth muscle cell to produce con traction (3-5). It seems that the relative contribution of released norepinephrine to the contraction caused by high KCI may vary with either the concentration of KCI used or density of the innervation.
The present experiment using phentolamine shows that the contraction induced by the application of 40 mM KCI, especially by the 3rd application (S6) in the presence of 10-6 M phentolamine, was exclusively caused by released norepin ephrine. This finding differs somewhat in the inhibiting potency of phentolamine from the result described by Vanhoutte and Verbeuren (5), who reported that the contraction of isolated canine saphenous veins caused by 40 mEq/I was partly antagonized by 10-6 g/ ml phentolamine, a concentration higher than that used in the present study. This difference between our result and that by Vanhoutte and Verbeuren (5) appears to be caused a small difference in experimental design, e.g., pretreatment period of phentolamine. We confirmed that the evoked tritium overflow was dependent on external Ca2+ as already reported by several authors (3, 4) . The marked increase in the spontaneous tritium overflow observed just after superfusion with Ca2+ deprivation medium containing EGTA appears to be caused by the mechanisms described by Takata and Kato (13).
Verapamil at 10-6 M caused a significant inhibition of the contraction without affecting the evoked tritium overflow and at concen trations higher than 3x10-6 M, it inhibited the contraction more strongly than the evoked overflow. Moreover, the inhibitions of the contraction by verapamil at 10-5 M or more were much greater than those by the same concentration of diltiazem or nicardipine with no significant difference between the inhibitory effects of verapamil and two other Ca antagonists on the evoked tritium overflow. Such a marked inhibition of the contraction by verapamil might be related to its interaction with a-adrenoceptor as suggested by Langer and Shepperson (22). Our results indicate that verapamil at 10-6M may inhibit the KCI evoked contraction by acting on smooth muscle cells and at the concentrations higher than 3 x 10-6 M, by further inhibition of transmitter release. This is also supported by the results that both the y-intercept and the slope of the regression line for verapamil were greater than those for diltiazem and nicardipine, when the inhibition of the KCI evoked contraction by the three Ca antago nists was plotted against that of the evoked tritium overflow. These findings differ from the results obtained with electrical stimulation that at concentrations lower than 10-5 M, verapamil significantly increased the evoked tritium overflow, while it caused a significant inhibition of the contraction (13). Hence, it appears that differences may exist between mechanisms of action of verapamil at con centrations up to 10-5 M on the transmitter releases or the contractions that are evoked by the two methods of stimulation.
At concentrations above 3 x 10-6 M, diltiazem, as well as nicardipine, caused a similar inhibition of the KCI-evoked tritium overflow and contraction in a concentration dependent fashion. Further, a significant cor relation between the inhibitions of both responses to KCI was also observed for the two antagonists.
Diltiazem at concentrations up to 10-4 M has no significant effect on the contractile response of the canine superfused saphenous vein to exogenous norepinephrinE (22). These results indicate that diltiazem may inhibit the KCI-evoked contraction mainly by inhibiting transmitter release. The same con clusion is probably true for nicardipine.
Higher concentrations of verapamil (16) and diltiazem (17) but not nicardipine (23) have been reported to have a local anesthetic effect. Unlike the electrically evoked tritium overflow, the KCI-evoked overflow appears to be dependent on sustained depolarization rather than the propagation of action poten tials and the inward current of Na ions (9). In fact, tetracaine as well as lidocaine failed to inhibit the KCI-evoked tritium overflow. Hence, the mechanisms of action of verapamil and diltiazem do not involve local anesthetic activity. This finding is consistent with the report by Gothert (8) Nicardipine is a Ca antagonist with a cyclic AMP phosphodiesterase inhibiting activity (19).
In contrast to nicardipine, IBMX, another phosphodiesterase inhibitor, sig nificantly enhanced the KCI-evoked tritium overflow. IBMX caused a significantly greater inhibition of the KCI-evoked contraction than did nicardipine, and it also caused a further inhibition in the presence of nicardipine. From these results, it appears unlikely that the inhibitory effects of nicardipine on the evoked tritium overflow and contraction are related to its phosphodiesterase inhibition. Therefore, the inhibition of the evoked tritium overflow by verapamil, diltiazem and nicardipine is probably due to the most prominent effect that these antagonists have in commom, namely, the inhibition of the influx of Cat'. The threshold concentration of these antagonists for a significant inhibition of the KCI-evoked tritium overflow was lower than that for the inhibition of the electrically evoked overflow (13). A similar observation was also reported by Gothert et al. (12) using the isolated rabbit perfused heart. Nicardipine but not diltiazem inhibited the tritium overflow evoked by KCI more pronouncedly than that by electrical stimulation (13). Hence, it may be assumed that there are differences in the number or properties of Ca antagonist (particularly nicardipine-)sensitive Ca chan nels in the adrenergic nerve endings that are activated by KCI and electrical stimulation. The threshold concentration of the three Ca antagonists for the inhibition of the KCI evoked overflow was much higher than that required for the suppression of KCI-induced contractures of porcine coronary artery strips (24). Furthermore, Hogestatt et al. (25) showed that nifedipine, in concentrations which produce a maximum inhibition of K induced contractions in isolated rabbit basilar and facial arteries, failed to alter transmitter release from the perivascular sympathetic nerves in these vessels. Thus, the inhibitory response of Ca antagonists to KCI appears to be more sensitive to smooth muscle cells than to the nerve endings. Such a difference in the sensitivity might reflect, if assuming a constant Cat+-channel density, a greater surface to volume ratio in the nerves, this making the nerve endings less affected by Ca antagonists (25). Alternatively, properties of Ca2+ channels in the nerve endings might be different from those in smooth muscle.
The inhibitory effects of higher concen trations of verapamil and diltiazem on the evoked tritium overflow tended to be reversed more easily by removal of drugs from the superfusion medium than the inhibition of the contraction, as observed by our previous experiments with electrically stimulated canine saphenous veins (13). This result suggests that these two antagonists might bind to the smooth muscle cells more tightly than to the nerve endings. The inhibition of the evoked overflow by nicardipine was hardly reversed by a subsequent superfusion with normal medium, while that of the con traction was not at all restored. The fact that the inhibition of the contraction by nicar dipine was highly resistant to washing out was also observed by Nakayama et al. (26) . Such an effect of nicardipine may result in a longer duration of cardiovascular effects in anesthetized dogs as already described by Takenaka et al. (27) . Verapamil, diltiazem and nicardipine in creased the spontaneous tritium overflow. Analogous observations have been reported for rat atria (28), canine saphenous veins (13), rabbit ear arteries (29) and rabbit aortas (30) preloaded with [3H]norepin ephrine. The present study shows that the accelerating effects of nicardipine on the spontaneous tritium overflow were not related to its phosphodiesterase inhibition. The increase in the spontaneous tritium by verapamil (28), diltiazem, nicardipine and flunarizine (29) from the preparations preloaded with [3H]norepinephrine consisted mainly of [3H]3,4-dihydroxyphenylglycol, a deaminated metabolite. Therefore, it seems possible that Ca antagonists act on monoamine storage vesicles to increase the leakage of the amine into the neuroplasm. This idea is further supported by the present result that the Ca antagonists used caused no changes in basal tension in spite of sig nificant increases in the spontaneous overflow.
In summary, diltiazem and nicardipine may inhibit the KCI-evoked contraction mainly by inhibiting Cat+-dependent transmitter release from the nerve endings, while verapamil may inhibit it by acting on the postsynaptic sites and in the relatively higher concentrations used, by further inhibition of transmitter release.
